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12Escuela de Ingenieŕıa Industrial, Facultad de Ingenieŕıa y Ciencias, Universidad Diego Portales, Av. Ejercito 441, Santiago, Chile
(Received ...; Revised ...; Accepted ...)
Submitted to AJ
ABSTRACT
The exoplanetary system of HR 8799 is one of the rare systems in which multiple planets have been
directly imaged. Its architecture is strikingly similar to that of the Solar System, with the four imaged
giant planets surrounding a warm dust belt analogous to the Asteroid Belt, and themselves being
surrounded by a cold dust belt analogue to the Kuiper Belt. Previous observations of this cold belt
with ALMA in Band 6 (1.3 mm) revealed its inner edge, but analyses of the data differ on its precise
location. It was therefore unclear whether the outermost planet HR 8799 b was dynamically sculpting
it or not. We present here new ALMA observations of this debris disk in Band 7 (340 GHz, 880 µm).
These are the most detailed observations of this disk obtained so far, with a resolution of 1” (40 au)
and sensitivity of 9.8µJy beam−1, which allowed us to recover the disk structure with high confidence.
In order to constrain the disk morphology, we fit its emission using radiative transfer models combined
with a MCMC procedure. We find that this disk cannot be adequately represented by a single power
law with sharp edges. It exhibits a smoothly rising inner edge and smoothly falling outer edge, with a
peak in between, as expected from a disk that contains a high eccentricity component, hence confirming
previous findings. Whether this excited population and inner edge shape stem from the presence of an
additional planet remains, however, an open question.
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1. INTRODUCTION
Many exoplanet-host stars also host debris disks (at
least 20% of FGK stars, Marshall et al. 2014; Yelver-
ton et al. 2020), which are revealed by a far-infrared
excess due to the presence of dust grains, a by-product
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of the collisional activity among km-sized solid bodies
(Aumann et al. 1984). Just as in the Solar System,
the debris disks and planets in extrasolar systems are
thought to interact throughout their evolution (Wyatt
2008; Krivov 2010), leading to the dynamical formation
of structures in disks in response to the influence of the
planets (Moro-Martin 2013). For instance the Aster-
oid belt and the Kuiper belt have been partially shaped
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seen by their limited spatial extent and resonant struc-
tures. The detailed study of these interactions has per-
mitted the dynamical history of the Solar System to
be reconstructed (Malhotra 1995; Levison et al. 2008).
Therefore, in addition to informing us on the dynami-
cal history of an exoplanetary system, the structure of
debris disks can give valuable insights on the planetary
companions that might create it and that might not be
directly observable (see e.g., Mouillet et al. 1997; Wyatt
et al. 1999; Kalas et al. 2005; Booth et al. 2017; Marino
et al. 2018, 2019, 2020; Faramaz et al. 2019; Matrà et al.
2019).
Situated at a distance of 41.3 pc1 (Gaia Collaboration
et al. 2016, 2018; Bailer-Jones et al. 2018), HR 8799 is a
young λ Boo-type star (classified F0V kA5mA5 λ Boo;
Gray & Corbally 2014) with an age that is estimated to
be between 30 and 160 Myr (Marois et al. 2008; Geiler
et al. 2019). Further detail about the star’s characteris-
tics can be found in Appendix A.
For a decade, this star was the only star around which
multiple planets have been observed through the direct
imaging method (until the recent discovery of two gi-
ant planets on wide orbits around TYC 8998-760-1 ear-
lier this year; Bohn et al. 2020). Discovered by Marois
et al. (2008, 2010), four giant planets orbit HR 8799 with
projected orbital radii extending from 15 to 68 au, and
masses estimated to be ∼ 7 Jupiter masses (MJup) for
each of the three innermost planets – HR 8799 c,d, and
e – and ∼ 6MJup for the outermost HR 8799 b (Wang
et al. 2018b). In addition, this system contains multiple
debris disk components.
The debris disk of HR 8799 was first detected
with IRAS (Sadakane & Nishida 1986). A detailed
study of this disk, combining IRAS, ISO, Spitzer and
JCMT/SCUBA flux measurements allowed Su et al.
(2009) to infer the presence of three debris components:
an extended halo of small dust grains, a warm debris
disk, and a colder debris disk, with an inner edge lo-
cated at ∼ 90 au, then presumed to be sculpted by the
outermost planet HR 8799 b. Furthermore, the Herschel
observations of Matthews et al. (2014) inferred a disk
inner edge location of 100 ± 10 au, which is compatible
with the findings of Su et al. (2009).
Therefore, the system of HR 8799 follows an architec-
ture strikingly similar to that of the Solar System, but
rescaled at wider separations: the four giant planets sur-
round a warm belt analogous to the Main Asteroid Belt,
1 Note that most previous studies used the Hipparcos distance
of 39.4 pc, which means that previous results on the distance to
the star in au are affected by a ∼ 5% difference, which we deemed
low enough that is does not influence the comparison.
while being themselves surrounded by a cold debris disk,
analogous to the Kuiper Belt (which will be the focus
of this paper). Simply put, the system of HR 8799 is a
younger, broader, and more massive version of the Solar
System. It is thus not surprising that this system has
been monitored over the last decade with many differ-
ent facilities, not only to observe the planets themselves
(Soummer et al. 2011; Maire et al. 2015; Zurlo et al.
2016; Wertz et al. 2017; Wang et al. 2018a,b; Petit dit
de la Roche et al. 2020), but also its cold debris disk
(references above and therein).
While observations of this disk at wavelengths shorter
than those of Spitzer are difficult because its surface
brightness is too low at these wavelengths (which led
for instance to a non-detection with HST; Gerard et al.
2016), it has nevertheless been abundantly resolved at
longer wavelengths, in particular using sub-millimetre
and millimetre observations: with the Caltech Submil-
limeter Observatory (CSO) at 350 microns (Patience
et al. 2011), with the SubMillimeter Array (SMA) at
880 microns (Hughes et al. 2011), with the James Clerk
Maxwell Telescope (JCMT) at 450 and 850 microns
(Williams & Andrews 2006; Holland et al. 2017), with
the Atacama Large (sub)Millimeter Array (ALMA) at
1.3 mm (Booth et al. 2016) and with the SubMillimeter
Array (SMA) at 1.3 mm (Wilner et al. 2018).
The first resolved sub-mm observations of this debris
disk by Patience et al. (2011) with CSO suggested the
presence of a brightness asymmetry and a clumpy struc-
ture, but it was difficult to be formally conclusive as
the signal-to-noise ratio (SNR) of these observations was
low. The observations of Hughes et al. (2011) with the
SMA were the first interferometric observations of the
disk. Whilst the SNR of the observations was poor as
well, using the visibilities in combination with the SED,
Hughes et al. (2011) demonstrated that both the CSO
and SMA data can be adequately fit by an axisymmet-
ric model with no significant evidence for clumps, and
found a best fit for the disk inner edge of about 150
au. Using higher angular resolution (yet still low SNR)
ALMA 1.3 mm observations, Booth et al. (2016) place
the ring inner edge at 145 au with an accuracy of 10%,
consistent with the results of Hughes et al. (2011).
This is significantly further out than in Herschel ob-
servations (100 ± 10 au), and this position seems incom-
patible with the scenario where the outermost planet HR
8799 b sculpts the inner edge of the disk. Indeed, using
the upper limits available at that time on the semi-major
axis and mass of planet b, which maximizes the theo-
retical radial extent of the zone cleared by this planet,
Booth et al. (2016) concluded that any debris disk ex-
terior to this planet should possess an inner edge lo-
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cated at ∼ 100 au. This value was later confirmed by
Read et al. (2018) through dynamical modeling and N-
body simulations, as well as theoretically by Wang et al.
(2018b), who used the most up-to-date constraints and
orbital fit for planet b to derive the expected debris disk
inner edge location at 93+3−2 au. Consequently, an inner
edge observed much further out at 145 au suggests the
possible presence of an extra perturbing planet orbiting
beyond planet b. However, when reanalysing the ALMA
1.3 mm observations, Wilner et al. (2018) found instead
a smaller best fit inner edge of 115+16−17 au and, when com-
bining with their SMA observations at the same wave-
length, an inner edge of 104+8−12 au, consistent with Her-
schel derived constraints. It is unclear as of now where
the difference between the results of Wilner et al. (2018)
and Booth et al. (2016) comes from.
Following the findings of Booth et al. (2016), a dynam-
ical study by Read et al. (2018) finds that it is possible
for an extra planet to be present exterior to planet b, and
which can carve an inner edge at 145 au (Booth et al.
2016), all the while not disrupting the equilibrium of the
whole planetary system. They find that the most suit-
able candidates almost exclusively fall below a Jovian
mass – and therefore below the direct imaging detection
limit of 1.25 MJup (Maire et al. 2015) – with a putative
planet of 0.1MJup orbiting at 138 au dynamically shap-
ing the planetesimal belt in a way that best matches the
radial profile observed with ALMA in Band 6 (1.3 mm).
Note however that they compare their synthetic obser-
vations to the ALMA restored profile, which depends on
the underlying best fit model of Booth et al. (2016), but
is nevertheless the best that can be done with such low
sensitivity observations.
Note as well, that Read et al. (2018) did not explore
the possibility of a fifth planet in mean-motion resonance
with planet b, which could provide additional stabil-
ity and allow for this fifth planet to be more massive
than a Jovian mass. A subsequent dynamical study by
Goździewski & Migaszewski (2018) confirmed this pos-
sibility and found indeed that in that case, a fifth planet
could reach masses up to 3MJup. They also confirmed
that the four known planets are in a double Laplace res-
onance configuration, and that a significant proportion
of stable orbits for a fifth planet exterior to planet b
actually involve yet another resonant configuration, ex-
tending the existing chain.
Goździewski & Migaszewski (2018) subsequently in-
vestigated the carving of the inner edge of the debris
disk by an additional fifth planet, and found that this
inner edge should exhibit a complex shape, with poten-
tially large resonant clumps. The formation of resonant
clumps by a fifth planet was also suggested by Read
et al. (2018).
A possible hint that such resonant trapping has in-
deed happened could be present in the findings of Geiler
et al. (2019), who used a fully collisional model of the
debris disk to find a model that consistently fits both
the ALMA 1.3 mm and Herschel data. They found
that these two datasets could not be reconciled unless
the disk was made of two distinct populations, a quies-
cent low-eccentricity one on one hand, and an excited
one on the other hand, exhibiting larger eccentricities.
This is analogous to the populations found in our own
Kuiper belt, with the excited population stemming from
scattering by Neptune as it migrates outwards in the
Kuiper belt, all the while trapping material in resonance
(see, e.g., Morbidelli & Nesvorný 2020, and references
therein).
On the other hand, Goździewski & Migaszewski
(2018) found that it was possible to find a scenario to
explain the location of the inner edge at 145 au, which
does not imply the presence of an additional planet. In-
deed, they found that is was possible to find appropriate
initial wider configurations for the four known planets
and migration rates to lead them to reach their final
double Laplace resonant state, all the while leaving
a debris disk which will be made of a scarce popula-
tion between 90 and 150 au, followed by a main disk
starting at ∼ 150 au. Their work suggests that in that
case, a complex asymmetric inner edge shape and reso-
nant trapping may occur. An extension of this work in
Goździewski & Migaszewski (2020) led them to depict
more precisely that while the ring inner edge location
would agree with that of Wilner et al. (2018), a ring of
high-eccentricity planetesimals should also be expected
at 140-160 au, that is, near the inner edge reported by
Booth et al. (2016). This high eccentricity component
would induce a higher dust production rate and stronger
disk emission, such that the disk radial intensity pro-
file would not be adequately fit by a single power-law,
as both Booth et al. (2016) and Wilner et al. (2018)
assumed.
There are thus a number of questions that remain
open about this exoplanetary system and its cold de-
bris disk. What is the location of the inner edge of
this debris disk? Is an extra planet required to sculpt
it? What is the shape of this inner edge? Is it sym-
metric, or does it exhibit a complex asymmetric shape
and resonant clumps? Is the disk adequately fit by a
single power-law profile or is there a peak emission due
to local velocity dispersion and high eccentricity plan-
etesimals? In order to answer these questions, we need
better constraints in the sub-mm on the geometry of the
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debris ring of HR 8799, and in particular on the shape
of the disk inner edge and on the presence of clumps.
These are crucial for assessing the dynamical history of
this system, and for making conclusions on the potential
presence of an additional planet. This motivated us to
observe this debris disk at high angular resolution with
ALMA in Band 7 (870 microns), and to push those to
resolve the disk at sufficient sensitivity. At this wave-
length – shorter than Band 6 (1.3 mm) – we can expect
the cold disk to be brighter, while still dominating the
observations, as the warm belt and the halo of small
grains seen in far-IR are not expected to emit signifi-
cantly at mm wavelengths.
We present our observations in Section 2, and their
modelling in Section 3. We then discuss our results and
summarize our conclusions in Sections 4 and 5, respec-
tively.
2. ALMA OBSERVATIONS
We present here ALMA observations of the debris disk
of HR 8799 in Band 7 (340 GHz, 880 microns), under
the project 2016.1.00907.S (PI: V. Faramaz). They com-
prise 12m-array observations carried out from 2018 May
13 to 2018 June 1 (6 separate observations), and obser-
vations carried out with the Atacama Compact Array
(ACA) from 2016 October 26 to 2017 July 7 (28 sepa-
rate observations). Tables 1 and 2, summarize the 12m
Array and the Atacama Compact Array (ACA) obser-
vations, respectively.
ACA data were taken using baselines ranging from 8.9
to 48.9 m, which corresponds to angular scales of 20.′′1
and 3.′′7, respectively, while 12m-array data were taken
using baselines ranging from 15 to 314 m, corresponding
to angular scales of 12′′ and 0.′′6. Given the distance of
the star (d = 41.3 pc), these angular resolutions trans-
late to spatial scales that were probed with the ACA
ranging from 150 to 830 au, and those probed with the
12m-array ranging from 24 to 490 au.
The spectral setup consisted of four spectral windows,
each 2 GHz wide. For both the 12m array and ACA ob-
servations, three were centered on 334, 336, and 348
GHz, and divided into 128 channels of width 15.625
MHz ≈ 13.6 km s−1. As CO gas emission was reported
in previous ALMA observations (Booth et al. 2016), we
used the fourth spectral window to target the CO J=3-
2 emission line. Therefore, the fourth spectral window
was centered on 346 GHz, with a large number of finer
channels (4096 for the ACA observations and 3840 for
the 12m array observations), leading to a spectral res-
olution of 0.5 MHz ≈ 0.4 km s−1. Analysis of the CO
gas line emission can be found in Appendix B. The to-
tal time on source was 19.6 hours with the ACA and 4.5
hours with the 12m array.
2.1. Results
We recalibrated the raw data using the pipeline and
calibration script provided by ALMA. The calibrators
are listed in Tables 1 and 2, for the 12m Array and the
ACA observations, respectively. We used the TCLEAN
algorithm and task in CASA version 5.1.1 (McMullin
et al. 2007) to perform the image reconstruction of
the continuum emission, that is, to obtain the inverse
Fourier transform of the observed visibilities. Note that
we excluded the channels spanning the CO emission.
To recover the maximum SNR, we combined the four
spectral windows. We used a natural weighting scheme,
resulting in a beam size of 1.′′13 × 0.′′97 (∼ 43 au at
d = 41.3 pc), with position angle of 22◦, while the image
possesses an RMS of σ = 9.8µJy beam−1.2 We show
the resulting image – non corrected with the primary
beam – in the left panel of Figure 1.
The disk—The disk is well resolved; it has a noisy ap-
pearance and is seen with SNR per beam of up to 6 and a
peak emission of ∼ 70µJy beam−1; it also appears close
to face-on (or only moderately inclined), and axisym-
metric. It exhibits a ring-like architecture, extending
from ∼ 2′′ (∼ 80 au) to ∼ 7′′ (∼ 300 au) in radius, with
a clear central cavity.
The central emission—In addition to the bright outer
ring, a point-like source is detected at the center of the
cavity. A Gaussian ellipse fit to this central emission
performed in CASA (using the imfit task over an aper-
ture 2.′′5 in diameter) is centered on 23h07m28s.852 ±
0.004 in Right Ascension, and +21◦08′02.′′26 ± 0.08 in
Declination, with peak emission and integrated flux
measured as 65.8 ± 6.7 µJybeam−1 and 73 ± 13 µJy,
respectively. This central emission is thus detected with
a SNR ' 7. Since the integrated flux and peak flux
are consistent, we conclude that the central emission is
unresolved.
According to Gaia’s findings on the position and
proper motion of HR 8799 (Gaia Collaboration et al.
2018), the star’s position is expected to be 23h07m28s.86
in Right Ascension, and +21◦08′02.′′39 in Declination (at
the time of the ALMA 12m Array observations which re-
solved the central emission from that of the cold debris
2 Since the disk occupies a significant portion of the field of
view, it is difficult to find a large region away from the source
that is solely noise and thus from which to measure the RMS.
Therefore, as in Booth et al. (2016), we measure the RMS in a
dirty image pointing 90′′ away from the target in Declination.
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Table 1. Summary of our ALMA/12m array observations at 870 microns (Band 7).
Datea Timea On source NAnt. PWV Elevation Calibrators
(YYYY-mm-dd) (UTC) (min) (mm) (deg) Flux Bandpass Phase
2018-05-13 10:44:13.4 44.8 43 0.36-0.44 42.0-46.0 J2148+0657 J2253+1608 J2253+1608
2018-05-21 10:39:38.8 45.3 48 0.65-0.77 44.5-46.0 J2148+0657 J2253+1608 J2253+1608
2018-05-24 10:09:52.7 45.3 46 0.23-0.35 43.0-46.0 J2148+0657 J2253+1608 J2253+1608
2018-05-29 09:22:59.8 45.3 45 0.51-0.63 41.0-45.5 Titan J2253+1608 J2253+1608
2018-05-29 10:47:57.1 45.3 45 0.63-0.70 44.0-46.0 J2148+0657 J2253+1608 J2253+1608
2018-06-01 10:14:25.4 44.8 45 0.88-1.04 45.0-46.0 J2148+0657 J2253+1608 J2253+1608
aAt exposure start.
Figure 1. Left: ALMA 880 microns continuum observations of HR 8799, combining the 12m and ACA data. North is up and
East is left, with contours showing the ±2, 4,... σ significance levels. The synthesized beam is shown on the lower left side
of images. The grey circle indicates the 50% response of the 12m Array primary beam and the color bar shows the fluxes in
µJy beam−1. This image was obtained using a natural weighting scheme, resulting in a sensitivity of σ = 9.8µJy.beam−1 and a
synthesized beam of dimensions 1.′′13×0.′′97, with position angle 22◦. Central emission appears inner to the ring and is detected
with SNR of 7, and a bright source (SNR > 10) appears within the ring, northwest of the star. Middle: Same as left panel, with
the best fit bright source (see Section 3) having been subtracted from our observations. Right: Corresponding intensity profile,
corrected for the primary beam, obtained by integrating azimuthally over 360◦ (in red) and over a range of angles that exclude
the bright source seen at the inner edge of the ring (in orange), assuming the ring has an inclination of 26.8◦ and PA of 68.3◦,
the same orientation as the orbit of the planets (see Table 4 of Wang et al. 2018b). The vertical dashed line corresponds to the
semi-major axis of the outermost planet HR 8799 b as derived by Wang et al. (2018b), while the grey region corresponds to its
chaotic zone given by ap±1.7ap(Mp/M?)0.31, which holds for high mass planets such as HR 8799 b (Morrison & Malhotra 2015,
with ap as the semi-major axis of the planet, Mp as its mass, and M? as the mass of the star; these parameters were given best
fit values as found by Wang et al. (2018b)).
disk; see Table 1). Therefore, we can conclude that the
position of the central emission as returned by ALMA is
consistent with the expected position of the star. Note
that the astrometric accuracy returned by our Gaussian
fitting procedure is consistent (within a factor of two)
with ALMA’s nominal astrometric accuracy.3 The cen-
3 ALMA’s astrometric accuracy is given as 70′′×(ν × B ×
SNR)−1, where ν is the frequency of the observations (in GHz)
and B is the largest used baseline (in km) (Equation 10.7 of the
Cycle 7 ALMA Technical Handbook). This source is seen at SNR
troid of the ring emission is offset no more than 0.22”
or 9 au from the central emission source, implying an
upper limit to the ring eccentricity of 0.05.
A bright source—A bright source (with peak flux ∼ 270
µJybeam−1) is present within the ring and close to its
inner edge in the northwest direction (position angle
7, ν = 345 GHz, and the longest baseline is B = 0.3137km (in the
12m array observations), which, according to the formula above,
leads to an expected astrometric accuracy of 92.4 mas.
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Table 2. Summary of our ALMA/ACA observations at 870 microns (Band 7).
Datea Timea On source NAnt. PWV Elevation Calibrators
(YYYY-mm-dd) (UTC) (min) (mm) (deg) Flux Bandpass Phase
2016-10-26 02:02:56.1 45.5 10 0.43-0.72 31.0-41.5 Uranus J2253+1608 J2253+1608
2016-11-08 00:06:03.1 45.5 12 0.51-0.78 40.5-45.5 Neptune J2253+1608 J2253+1608
2016-11-08 22:59:42.2 46.0 11 0.56-0.71 44.6-45.8 Neptune J2253+1608 J2253+1608
2016-11-22 23:56:27.5 40.5 11 0.63-0.83 34.0-43.0 Uranus J2253+1608 J2253+1608
2016-11-25 23:27:07.7 57.7 11 0.84-1.3 36.5-44.5 Uranus J2253+1608 J2253+1608
2016-11-26 23:03:25.6 45.5 11 1.02-1.32 39.5-45.5 Uranus J0006-0623 J2253+1608
2016-12-02 21:59:36.8 43.8 11 1.45-1.65 43.8-46.0 Neptune J2253+1608 J2253+1608
2016-12-03 22:53:19.4 45.5 10 0.39-1.13 36.5-44.5 Uranus J2253+1608 J2253+1608
2016-12-17 23:00:46.8 46.0 11 1.01-1.36 34.5-38.5 Mars J2253+1608 J2253+1608
2017-04-29 11:16:15.3 44.7 11 0.79-0.91 42.5-46.0 Neptune J2253+1608 J2253+1608
2017-05-02 13:56:41.8 45.5 11 0.74-0.89 34.5-39.5 Neptune J2253+1608 J2253+1608
2017-05-03 11:29:03.3 46.0 10 0.35-0.39 44.6-46.0 Neptune J2253+1608 J2253+1608
2017-05-04 11:55:11.6 45.5 12 0.51-0.55 43.4-46.0 Neptune J2253+1608 J2253+1608
2017-05-06 11:25:18.0 46.0 10 0.28-0.32 44.8-46.0 Neptune J2253+1608 J2253+1608
2017-05-07 12:04:09.2 45.5 12 1.23-1.43 41.5-46.0 Neptune J2253+1608 J2253+1608
2017-05-09 12:20:22.8 46.0 12 0.80-0.87 38.5-45.5 Neptune J2253+1608 J2253+1608
2017-05-16 11:07:06.7 12.8 10 0.56-0.59 45.6-46.0 Neptune J2253+1608 J2253+1608
2017-05-17 11:16:55.6 45.0 10 0.95-1.04 42.5-46.0 Neptune J2253+1608 J2253+1608
2017-05-20 10:23:19.1 45.0 11 0.99-1.05 44.6-46.0 Neptune J2253+1608 J2253+1608
2017-06-23 07:56:54.2 47.0 9 0.43-0.46 43.8-46.0 Neptune J2253+1608 J2253+1608
2017-06-24 09:25:36.7 12.8 9 0.68-0.78 43.8-45.0 Neptune J2253+1608 J2253+1608
2017-06-27 09:12:31.2 45.5 10 0.51-0.61 38.0-45.0 Neptune J2253+1608 J2253+1608
2017-07-03 06:56:50.7 45.5 10 0.33-0.44 42.0-46.0 Neptune J2253+1608 J2253+1608
2017-07-03 09:00:56.1 46.0 10 0.25-0.36 36.5-44.5 Neptune J2253+1608 J2253+1608
2017-07-04 08:48:11.6 45.5 10 0.29-0.38 38.0-45.0 Neptune J2253+1608 J2253+1608
2017-07-05 09:03:21.1 45.5 10 0.63-0.70 35.0-44.0 Uranus J2253+1608 J2253+1608
2017-07-06 07:37:49.1 45.5 10 0.52-0.59 44.0-46.0 Neptune J2253+1608 J2253+1608
2017-07-07 07:54:5097 46.0 11 0.50-0.61 42.5-46.0 Neptune J2253+1608 J2253+1608
aAt exposure start.
334◦ ± 2). Since its emission is mingled with that of
the disk, it is difficult to characterize it directly from
the image. In the right panel of Figure 1, we present
the intensity profile of the ring, isolating the effect of
this bright source on it by integrating azimuthally over
the whole ring and then by a range of angles exclud-
ing this bright source. Our goal here is to qualitatively
assess the effect of this bright source on the disk pro-
file, therefore, we assumed here that the ring has the
same orientation as the most recent one found for the
orbit of the planets, with an inclination of 26.8◦ and PA
of 68.3◦ (see Table 4 of Wang et al. 2018b). We note
that the presence of this bright source pushes the inner
edge of the ring further inwards as compared to when
it is not included. This means that the presence of this
bright source would bias any fit that does not include it
in the model. In addition, including this source in our
models will disentangle it from the disk and facilitate
its characterization. We will further discuss its nature
in Section 4.4.
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In the next section we will fit the emission with a
detailed model, to quantify the inner edge location and
to characterize all the observed components (outer disk,
central emission, bright source).
3. MODELLING
3.1. Model Description
In order to characterize more precisely the disk’s archi-
tecture we now fit, in visibility space, parametric debris
disk models to the available ALMA observations, i.e.,
we simultaneously fit three datasets: our 12m and ACA
Band 7 observations, along with the 12m Band 6 obser-
vations from Cycle 1 (project 2012.1.00482.S, presented
in Booth et al. 2016). The calibrated dataset for this was
retrieved from the ALMA archive and treated similarly
to our Band 7 data (removal of the CO line emission,
and combination of the four spectral windows).
We follow the method used in Marino et al. (2018,
2019, 2020), combining radiative transfer simula-
tions (RADMC-3D, Dullemond et al. 2012) with a
Markov chain Monte Carlo (MCMC) procedure (emcee;
Foreman-Mackey et al. 2013) to find the ranges of disk
parameters that are consistent with the observations.
More specifically, the radiative transfer code is used to
produce model images which are multiplied by the pri-
mary beam, and then translated into model visibilities
at the same uv points as the 12m Band 7, ACA Band
7, and 12m Band 6 observations for comparison with
those observations through a χ2. This is then fed into
the MCMC procedure to sample the parameter space.
The final χ2 is defined as the sum of the individual χ2
from the band 7 12m, ACA and band 6 12 m data (as
in Marino et al. 2018, 2020). The weights of each indi-
vidual data set are renormalised to ensure the reduced
χ2 of each data set is about unity (for a detailed justifi-
cation of this procedure see Booth et al. 2021b, and in
particular, their Equation 4).
Guided by previous work and the radial profile ex-
tracted from the ALMA image (Figure 1), we consider
three models for the disk surface density distribution, as
described below.
We first adopt a disk model (hereafter referred to as
Model 1) made of a single power-law. Our goal here is
to use the same type of simple parametric model that
both Booth et al. (2016) and Wilner et al. (2018) used to
fit the ALMA Band 6 observations, and facilitate com-
parison with those previous works. The surface density
Σ(r) of the disk is parametrized as
Σ(r) = Σ0





rmin < r < r0,
0 r > rmax,
(1)
where rmin and rmax are the disk inner and outer edges,
respectively, and γ is the power-law index.
As pointed out in Section 1, the inner edge of the disk
is of particular interest, potentially exhibiting planet-
driven structure. In particular, the most recent theo-
retical study of planet-disk interactions for the system
of HR 8799 specifically predicts that the disk radial
profile should be inconsistent with a single power-law
(Goździewski & Migaszewski 2020). We thus seek to de-
termine how well our Band 7 observations can constrain
the inner edge radial profile. We also aim to determine
whether more complex models are a better fit to the
observations as compared to a simple single power-law
profile. Therefore, we performed two additional fittings,
using the following parametric models.
For our second model (Model 2) we consider a more
gradual falloff, as compared to the sharp edges in Model























where r1 and r2 mark the locations where the slope
changes.
Our third model for the disk surface density (Model 3)
considers yet another possible profile for the disk edges


























Additionally, we set the surface density to zero interior
to 70 au for both Model 2 and Model 3, since debris
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further in would have been cleared by the giant planets,
and beyond 600 au because our observations are not
sensitive to emission beyond that separation (∼ 14′′).
The surface densities defined above are then fed into
radiative transfer calculations with RADMC3D which
allows to compute images for a given random selection
of surface density parameters, disk orientation (inclina-
tion and position angle), and total dust mass. For this
we also need to define a certain dust opacity, which will
determine the final dust mass that we infer from the
disk emission. The dust is assumed to have a size dis-
tribution and composition as in Marino et al. (2018) –
the dust grains are a mix of 70% astrosilicates (Draine
2003), 15% amorphous carbon, and 15% water ice (Li
& Greenberg 1998), with a size distribution following
a power law of index −3.5 over sizes from 1 micron to
1 centimeter – resulting in a Band 7 dust opacity of
1.9 cm2/g. To save computational cost the disk surface
brightness is only computed at band 7, and it is scaled to
band 6 via a spectral index, (αmm), which is left as free
parameter. This is justified since the disk emission is
in the Rayleigh-Jeans regime at these wavelengths, and
thus the spectral index is uniform across the disk if the
dust opacity is uniform as well. In addition, we leave the
flux of the central star as a free parameter as a way to
account for extra emission due to the unresolved warm
belt or stellar chromospheric emission. Finally, in or-
der for our models not to be biased towards small inner
edges due to the bright source, we include in the images
an extra source with surface brightness defined as an el-
liptical Gaussian. The shape (standard deviations along
its major and minor axis, and position angle), fluxes (at
band 7 and band 6) and its relative position to the star
at the mean epoch of the band 7 observations are also
left as free parameters4. This adds a 7 free parameters
to our global model.
These model images are then multiplied by their cor-
responding primary beams, and Fourier transformed to
obtain model visibilities at the same uv points as the
observations. Then we allow for phase center offsets in
Right Ascension and Declination, and separately for the
three observation sets (Band 7 12m, Band 7 ACA, Band
6 12m), adding six free parameters. This gives us a total
of 22 free parameters for Model 1, and 24 for Models 2
and 3. These model visibilities are then compared di-
rectly with the observed visibilities via a χ2, and with
a MCMC procedure the parameter space is explored to
obtain a Bayesian posterior distributions for all the free
parameters.
4 Its position relative to the star at the epoch of the band 6
observations is calculated based on HR 8799’s proper motion.
We assume uniform priors except for the disk inclina-
tion and position angle, for which we make the (reason-
able) assumption that it is co-planar with the orbits of
the planets (see discussion in Section 4.2). These priors
take the form of normal distributions, which, using Ta-
ble 4 of Wang et al. (2018b), leads to i ∼ N (26.8◦, 2.3◦)
and Ω ∼ N (68.25◦, 5.55◦). Assuming co-planarity is
justified by the expected secular evolution of a planet
and a less massive disk. Even if initially misaligned by
. 30◦, a less massive debris disk will realign in a few
secular time-scales (∼ 2− 3 Myr at 200 au) and end up
with a high scale height that is of the order of the initial
misalignment (Pearce & Wyatt 2014).
3.2. Best-Fit Model Results
The best-fit values and uncertainties are given for each
parameter in Tables 3 and 4. The interested reader will
find the cornerplots that show the correlations between
the disk surface density parameters for our three models
in Appendix C, as well as the residual maps obtained
by subtracting our best fit models to the observations
in Appendix D.
We list the best-fit χ2 value for each of our models
in Table 3. Note that these χ2 are very large due to
the equally large number of degrees of freedom involved
when fitting a set of visibilities in the (u, v) space (of the
order 105 for the ACA data and 106 for the 12m data).
We list as well the reduced χ2, which are all extremely
similar. It is thus difficult to assess the success of each
model via examination of the χ2 or reduced χ2 values
as they are.
A sense of which model is more adequate than an-
other can be quantified using the individual likelihood
function exp(−χ2/2) and considering ∆χ2, that is, the
difference between χ2 (also displayed in Table 3). From
there, taking Model 3 – which has the smallest χ2 – as
reference, it is easily shown that exp (−∆χ2/2) will tell
us how many times less likely a model will be a good
fit to our data than Model 3. We find that Model 3 is
about 60 times more likely than Model 2, which is only
a marginal preference as compared to the likelihood of
Model 1, which is nearly 10 billion times less likely than
Model 3. Using the same reasoning and taking Model 2
as reference, we find that Model 2 is about 200 million
times more likely to fit our data than Model 1. Even
after considering the lower number of free parameters of
Model 1, e.g. through the Bayesian Information Crite-
rion, it is still extremely disfavoured compared to Models
2 and 3.
The disk—We find consistent results in the left panel
of Figure 2, where we compare the radial profiles in
Band 7 of the three models we tested. We find that our
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Model 1 clearly underestimates the disk flux between
∼ 100 − 130 au, as well as the peak location, which it
places at 135 ± 4 au. This is a direct consequence of it
being described with a sharp inner edge. From there,
the single power-law portion of the model struggles to
reproduce the bulk and tail of the disk. This overall
yields significant residuals. It is thus more adequately
represented by Models 2 and 3, which both describe a
disk with smooth edges and a bulk peaking at ∼ 200 au.
These differences are barely visible in the Band 6 ob-
servations (see right panel of Figure 2 which displays the
same comparison in Band 6). From our Band 7 higher
resolution and more sensitive observations, it is clear
that the structure is more complex than a single power
law can describe, with an emission profile that rises to a
peak before falling off. The three models, on the other
hand, all agree well upon the orientation of the disk (in-
clination ∼ 30◦ and position angle ∼ 60◦)5, its mass (of
the order of 10−1 M⊕), and its millimeter spectral index
αmm, which in our preferred model (Model 3) was found
to be 2.5± 0.2 (see Table 4).
Finally, we measure the total disk flux directly from
the best fit model images produced for each of our three
models used in the MCMC fit. We report these values in
Table 4. Model 1 returns the smallest fluxes, and Model
2 the highest. Our preferred model (Model 3) finds the
disk flux to be 3.1±0.5 mJy and 8.1±1.0 mJy in Band 6
and Band 7, respectively (including a 10% absolute flux
calibration uncertainty).
Additional sources—Our three models also agree well on
the characteristics of the central emission and those of
the bright source located near the disk inner edge. Ac-
cording to our preferred model (Model 3), the central
emission was found to possess a flux of 71.3+10.2−11.1 µJy in
Band 7 and 37.9+16.0−16.2 µJy in Band 6. The Band 7 flux
agrees with what was directly retrieved from the obser-
vations via a Gaussian fit within CASA.
The bright source is found offset northwest from the
star, and more specifically by −1.′′28 ± 0.05 in Right
Ascension and 2.′′34+0.06−0.05 in Declination at the epoch of
the Band 7 observations. Deconvolved from the beam,
it is best described by an elliptical Gaussian of standard
deviation 0.′′24 ± 0.04 along its major axis, 0.′′15+0.04−0.05
along its minor axis, and position angle 18◦+21−20 .
Note that it is only marginally resolved. Its FWHM
along its major axis is 0.′′57, which is 20% smaller than
the beam major axis using uniform weights ( 0.′′69). Its
FWHM along its minor axis is 0.′′35, although still con-
5 Note that we imposed strong priors on these parameters based
on the orbits of the planets. See Section 4.2 for a discussion.
sistent with zero. This means that we marginally resolve
its major axis. We also rule out that its major axis is
constrained due to beam smearing or the combination of
data from multiple dates. These two effects could only
contribute to a 0.′′01 smearing of a point source at a ∼ 3′′
separation. Its total flux is found to be 316+20−19 µJy at
880 microns (Band 7) and 58±18 µJy at 1.3 mm (Band
6). This results in a spectral slope of 4.34+1.11−0.85.
4. DISCUSSION
4.1. The disk geometry
By observing the debris disk at higher resolution and
sensitivity in Band 7 than in Band 6, our primary goal
was to settle the dispute over the inner edge location
stemming from the analysis of the Band 6 data. The
fact that Band 7 observations are at smaller wavelengths
than in Band 6 is not expected in itself to affect the lo-
cation of this inner edge. Band 6 and Band 7 both trace
large millimeter-sized dust grains which are not affected
by the effect of stellar radiation; we thus can expect that
the location of the inner edge is the same across both
bands (see, e.g., the debris disks of HD 107146 and HD
206893 Marino et al. 2018, 2020).
As both the models of Booth et al. (2016) and Wilner
et al. (2018) consisted of a single power law with step
function edges, we can compare their results to those
yielded by our Model 1, which uses the same parameters.
Our Model 1 returns an inner edge location of 135±4 au.
In Figure 2, we display the location of planet HR 8799 b
as well as the extent of its chaotic zone – using the upper
limit of 93+3−2 au derived in Wang et al. (2018b) – hence
showing the minimum radius at which the disk inner
edge should be truncated if sculpted by planet b. The
inner edge of Model 1 is located beyond this distance,
which would tend to support the conclusions of Booth
et al. (2016).
However, we also importantly find that this debris disk
is not adequately represented by such a simple model,
and in particular, that the inner edge is not sharp. As
can be seen in the left panel of Figure 2, the radial pro-
file of the disk is much better fit by our Models 2 and 3,
with an inner edge that is not abrupt as in Model 1, ex-
tending farther inwards towards planet b’s chaotic zone.
Therefore, we conclude that the concept of inner edge
as used in both Booth et al. (2016) and Wilner et al.
(2018), i.e., a step-function, simply does not apply to
this debris disk. In addition, Models 2 and 3 both show
a peak emission, followed by a smooth outer tail with a
change of slope that is required by model 2.
Our results support the theoretical findings of
Goździewski & Migaszewski (2020), who recently sug-
gested that this debris disk could not be fit by a single
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Table 4. Comparison of our best fit models – Other disk and background source parameters. Note that aside from
the flux of the disk, the uncertainties on the fluxes presented here stem solely from the MCMC process and do not take
into account the 10% flux calibration uncertainty of ALMA. Fluxes of our disk best fit models are as measured directly
in the model images. Uncertainties are retrieved using the uncertainties on the disk mass – the flux density is linearly
proportional to the mass – and a 10% flux calibration uncertainty. Since the flux in Band 6 was scaled from the best fit in
Band 7 using the spectral index, uncertainties on the flux in Band 6 includes as well uncertainties on the spectral index
Other Disk Characteristics
Parameter Description Value Model 1 Value Model 2 Value Model 3







Ωd Position Angle (
◦) 60.3+4.0−4.2 60.1
+4.5
−4.1 60.4 ± 4.2
αmm Spectral Index 2.4 ± 0.2 2.5 ± 0.2 2.5 ± 0.2
Bright Source Characteristics
Parameter Description Value Model 1 Value Model 2 Value Model 3











−19 58 ± 18
Rs,maj Gaussian Emission Major axis (
′′) 0.23 ± 0.04 0.24 ± 0.04 0.24 ± 0.04












∆RAs Offset from the Star in Right Ascension (
′′) −1.26 ± 0.05 −1.28 ± 0.05 −1.28 ± 0.05
∆Decs Offset from the Star in Declination (
′′) 2.30 ± 0.06 2.33 ± 0.06 2.34+0.06−0.05
Central Emission Characteristics
Parameter Description Value Model 1 Value Model 2 Value Model 3














Model Disk Fluxes (mJy)
Parameter Description Value Model 1 Value Model 2 Value Model 3
F7 Disk Flux in Band 7 6.3 ± 0.7 9.0 ± 1.1 8.1 ± 1.0
F6 Disk Flux in. Band 6 2.3 ± 0.3 3.4 ± 0.5 3.1 ± 0.5
12 Faramaz et al.




















































































































Figure 2. Top: Unconvolved surface brightness distributions of our three best-fit models, in Band 7 (left), and Band 6 (right).
The central emission is included, while the bright source is excluded. Middle: The surface brightness distributions convolved
with the beam for the three best-fit models along with the surface brightness distribution for the CLEAN image (shown in
blue), for both Band 7 (left) and Band 6 (right). The background source has been subtracted from the images. The vertical
dashed line corresponds to the semi-major axis of the outermost planet HR 8799 b as derived by Wang et al. (2018b), while the
grey region corresponds to its chaotic zone (as defined in Figure 1). The lower panels display the radial profile of the residuals
(in units of µJy/beam) found after subtracting each of our three models from the observations (in the visibility plane). Note
that the residuals are a direct comparison with the observations and not a comparison between the models and the CLEAN
image, which is dependent on the CLEAN model. Therefore, the middle panels allow for a qualitative comparison of our best
fit models with our observations, while the bottom panels - residuals - provide an accurate quantitative comparison.
power law, and should instead exhibit a radial peak
emission. This would be expected in the presence of
planetesimals on high eccentricity orbits, and is in ac-
cordance with the results of Geiler et al. (2019), who,
using a fully collisional model of the debris disk, find
that a disk that can fit both Herschel and ALMA Band
6 data needs to contain a such a high eccentricity com-
ponent. Such a high eccentricity component, as pointed
out by Marino (2021), is directly reflected in the smooth
outer edge of this disk and would suggest typical eccen-
tricities between 0.2− 0.6 near its outer edge.
This high eccentricity population could originate from
scattering. As pointed out in Geiler et al. (2019), this
is unlikely to have occurred with planet b as it is now,
because it is too massive and would lead to unbound
orbits. The scattering of planetesimals should origi-
nate from a lower mass planet, either a younger planet
b, or a low mass additional planet beyond planet b.
On the other hand, the high eccentricity planetesimals
seen in Goździewski & Migaszewski (2020) are rather of
resonant origin. However, the dynamical modelling of
Goździewski & Migaszewski (2020) consists in determin-
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ing where and how bodies could orbit in a stable manner
given the presence of the planets as they are today. This
means that the maps of the disk they present correspond
to where material would be in the ideal situation where
the planets were entirely immersed in a disk of plan-
etesimals at the end of the protoplanetary phase, i.e., it
does not take into account what could have happened
to this solid material during the protoplanetary phase,
e.g., during gap opening or migration. Consequently,
whether this accurately represents reality is debatable.
Their work is nevertheless an excellent starting point
to understand how a debris disk profile might look like
when it possesses a high eccentricity component, which
helps to interpret the profile we observe with our ALMA
Band 7 data.
In their Figure C2 (upper left panel), they show a
snapshot of the disk at a given time and color code its
eccentricity. One can distinguish an annulus of high ec-
centricity particles at 140-160 au. Since this is a snap-
shot, this annulus should correspond to where these ec-
centric particles have the most chances to be caught. In
other words, this annulus logically represents the apas-
tron of these eccentric particles, since this is the portion
of their orbits they will spend the most time at.
Since these particles at apastron are colocated with
non-excited particles on circular orbits, then there
should be a high velocity dispersion, with eccentric
particles at apastron exhibiting a smaller velocity than
circular particles. This is what happens at 140-160 au,
and why this annulus of high eccentricity particles corre-
spond to a high velocity dispersion annulus in the lower
left panel. Higher density and higher velocity dispersion
are both conducive to enhanced dust production. Hence
Goździewski & Migaszewski (2020) conclude that the
disk density profile should peak at 140-160 au.
Consequently, if the model of Goździewski & Mi-
gaszewski (2020) were entirely correct about the dy-
namical composition of the disk, the disk should be de-
scribed by (from the inner most to the outermost parts):
highly asymmetric features at the inner edge due to large
clumps of particles in 1:1 and 3:2 mean-motion reso-
nances with planet b, a smooth inner edge due to a low
density associated with unstable particles in 2:1 mean-
motion resonance with planet b, a radial peak emission
at 140-160 au, and finally, a smooth tail.
We find no evidence in our observations for the large
resonant clumps and highly asymmetric inner edge, how-
ever, we indeed find an inner edge smoother than a step
function, a primary peak emission (though at ∼ 200 au),
and a smooth tail. This does support a scenario in which
there is a high eccentricity population on top of a low
eccentricity one, but does not necessarily support a res-
onant origin for them. The smooth inner edge could also
be due to the presence of an additional low mass planet
beyond planet b, and again, not necessarily related to
resonances.
4.2. The disk orientation
In preliminary MCMC fits (not presented here), we
noticed that the position angle and inclination of the
disk were correlated with the disk outer edge. Therefore,
instead of arbitrarily truncating the disk outer edge, we
chose to impose strong priors on the disk inclination and
position angle, based on the best fit of these quantities
for the planets orbits, assuming that the disk and the
planets were coplanar.
Therefore, we further investigate the disk orientation
by running an additional MCMC fit using our preferred
model (Model 3), this time leaving the disk inclination
and position angle unconstrained and with uniform pri-
ors. Aside from these parameters, there was no notice-
able change in any of the other model parameters.
When removing the prior on the disk inclination and
position angle (i = 26.8◦ ± 2.3; Ω = 67.9◦+5.9−5.2 ), we re-
cover a disk inclination of 30.8◦+2.8−3.2 and position an-
gle of 52.4◦+5.7−5.4 . These are comparable to the previ-
ously derived values (inclination 28.3◦+1.8−1.9 and position
angle 60.4◦ ± 4.2), and still marginally consistent with
the best fit orientation of the planets found by Wang
et al. (2018b) considering only stable coplanar solutions,
which we used as a prior (see Figure 3).
We further translate these results into a mutual incli-
nation with the orbital plane of the planets6. Ideally,
we would use pairs of disk inclination and position an-
gle taken from our MCMC posterior distribution and
compute the mutual inclination with pairs taken from
the posterior distribution for the orbital plane of the
planets, which are, unfortunately, not readily available.
Therefore we use the values quoted in the literature for
the best fit planet inclination and position angle, and
approximate their posterior distribution by a Gaussian
distributions.
We display the resulting posterior distribution of the
mutual inclination in Figure 4 (blue curve). We find a
median mutual inclination of 9◦, with a 3σ lower and
upper limit of 1◦ and 19◦, respectively. This means that
6 Note that the mutual inclination is not simply the differ-
ence between the disk and planets’ respective inclinations, id
and ip. This statement holds only if they both have the same
position angle, that is, if Ωd = Ωp. If the disk and planets
have a different position angle, then this must be taken into
account when determining the mutual inclination between their
orbital planes. This inclination, im, is defined as: cos(im) =
cos(id) cos(ip) + sin(id) sin(ip) cos(Ωd − Ωp).
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both orientations are roughly consistent with each other
and there is no evidence of a misalignment. Given the
large uncertainties of the mutual inclination, we can only
exclude a misalignment larger than 19◦. Note that this
result can heavily depend on the priors imposed to con-
strain the orbital plane of the planets, e.g. assuming
co-planarity, circular orbits or near-resonant configura-
tions. As a matter of fact, and due to these short arc
observations, it is nearly always necessary to impose con-
straints in the orbital fitting procedures. In particular,
there is a degeneracy between coplanar and eccentric or-
bits, and mutually inclined and circular ones. Therefore,
we carry out the same comparison with inclinations and
position angles (longitude of ascending nodes) as found
by other orbital fits.
In the case of planets assumed to be coplanar, Wang
et al. (2018b) also carried out an orbital fitting for plan-
ets in near resonant configuration, while Goździewski
& Migaszewski (2020) investigated an exact Double
Laplace resonance configuration. With the former, we
find a median mutual inclination of 15◦ with 3σ lower
and upper limits 2◦ and 29◦, respectively (green curve
in Figure 4), while the latter is found mutually inclined
with the disk by 7◦, again with 3σ lower and upper lim-
its 1◦ and 14◦, respectively (purple curve in Figure 4).
Similar to our previous conclusion, we find no strong
evidence of a misalignment when considering these or-
bital solutions, although the data is still consistent with
a misalignment smaller than 29◦ and 14◦, respectively.
In the case the planets are not assumed to be copla-
nar, we investigated mutual inclination with the best fit
orbital plane of planet b, i.e., the planet closest to the
debris disk. We find a mutual inclination of 7◦ – with
3σ lower and upper limits 0.5◦ and 19◦, respectively –
in the case planet b is in Laplace resonance with planets
c and d, as reported by Zurlo et al. (2016) (red curve in
Figure 4).
Finally, in the case the orbital fit were carried out
without any underlying assumption, we compared again
with the best fit for the orbit of planet b. We find a mu-
tual inclination of 27◦ with the fit of Wang et al. (2018b)
(solid yellow curve in Figure 4; 3σ lower and upper lim-
its 1◦ and 71◦, respectively), and of 10◦ with the fit of
Wertz et al. (2017) (dashed yellow curve in Figure 4; 3σ
lower and upper limits 1◦ and 28◦, respectively). Note
however, the following caveat: the posterior distribution
of inclination and position angle for HR 8799 b in Wertz
et al. (2017) is not well represented by a Gaussian. It
is asymmetric and has wide wings. This means that
using their 16th and 84th percentiles is not enough to
represent their posterior, and thus we are likely missing
the wide wings in their distributions. This explains why,
though b’s orbit is not well constrained, the distribution
of mutual inclinations appears well peaked. In reality, it
should be spread wider, similar to what we found with
the unconstrained case of Wang et al. (2018b).
We summarize these values in Table 5, and overall find
no strong evidence for misalignment, although a small
misalignment of ∼ 10◦ cannot be excluded yet. In ma-
ture systems such as HR 8799, which age is much larger
than the secular timescales involved, it is theoretically
expected that disks and planets should be aligned as a
result of secular interactions (e.g. Pearce & Wyatt 2014).
However, if HR 8799’s planets are mutually inclined, the
disk could be forced to a misaligned configuration and
even be warped (Wyatt et al. 1999). Note that there is a
growing body of evidence of mutual misalignment (& 4◦)
between debris disks and planets, both in the Solar Sys-
tem, and in extrasolar systems – Beta Pic (Mouillet et al.
1997), HD113337 and HD38529 (Xuan et al. 2020), and
HD106906 (Nguyen et al. 2021). Further observations
that constrained better both the HR 8799 planets or-
bits and disk orientation could shed light on the degree
of orbital alignment in this system.
4.3. The disk flux
Measurements with JCMT/SCUBA-2 reported a disk
total flux of 17.4 ± 1.5 mJy at 850 µm (Holland et al.
2017). If we account for the 30 µm of difference between
JCMT/SCUBA (850 µm) and ALMA Band 7 (880 µm),
we expect the disk in Band 7 to possess a flux of 16.0
mJy (using a λ−2.0 flux dependency, as found in our
MCMC fit).
This is almost a factor of 2 higher than what we found
(8.1 mJy in our Model 3). One factor that could cause
the SCUBA-2 flux to be too high is the contribution of
others sources of emission. Holland et al. (2017) measure
the flux within a 60′′aperture whereas we are consider-
ing the best fit model flux. The aperture will include
flux from more than just the disk. It will also include
flux from the central emission, the bright source and
any other background emission. Our model fits the first
two of these as free parameters and combined they con-
tribute 0.35±0.03 mJy. This is clearly not enough to
account for the difference. An additional source of back-
ground emission comes from the background molecular
cloud that we detect in CO emission (see Appendix B).
This is clearly seen in continuum emission between 160
and 500 microns (Matthews et al. 2014), but its emis-
sion at longer wavelengths is harder to determine. There
is no obvious sign of the cloud in the SCUBA-2 images
(Holland et al. 2017) but it may still contribute at a
low level, whilst any contribution to the ALMA flux
should be even lower since the larger scale of the emis-
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Table 5. Best fit mutual inclination between the debris disk and the orbital plane of the
planets as found by previous fits to their astrometric positions. In the case the planets were
not assumed to be coplanar, we used the orbit of the planet HR8799 b – the closest to the
cold debris disk – as a reference. See Figure 4 for the corresponding plots.
Case Median −3σ +3σ Reference
(◦) (◦) (◦)
Stable & Coplanar 9 1 19 Wang et al. (2018b)
Near resonant & Coplanar 15 2 29 Wang et al. (2018b)
Resonant & Coplanar 7 1 14 Goździewski & Migaszewski (2020)
Circular & Resonant 7 0.5 19 Zurlo et al. (2016)
Unconstrained 27 1 71 Wang et al. (2018b)
Unconstrained 10 1 28 Wertz et al. (2017)
i [deg] = 30.8+2.8−3.2
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Figure 3. Posterior distribution for the position angle and
inclination of the disk when left as free parameters in our
preferred model (Model 3; one power law with Gaussian
edges). We display the marginalized probability distribu-
tions (top histograms) and the correlations between them
(central panel), with 68, 95 and 99.7% confidence levels rep-
resented as contours. The blue lines show the position angle
and inclination of the planets found by Wang et al. (2018b)
(stable coplanar solution; i = 26.8◦ ± 2.3; Ω = 67.9◦+5.9−5.2 ).
sion should be filtered out due to the interferometric na-
ture of the observations leading to a disparity between
the reported total fluxes.

























Near resonant & coplanar
Resonant & circular b
Resonant & coplanar
Figure 4. Best fit mutual inclination between the debris
disk and the orbital plane of the planets as found by previ-
ous best-fit to their astrometric positions. The mutual incli-
nation is shown in the case the four planets were assumed
to be coplanar, either i) on stable orbits (in blue; Table 4
of Wang et al. 2018b), ii) in near resonant orbits (in green;
Table 3 of Wang et al. 2018b), and iii) in a Double Laplace
resonant configuration (in purple; Table 1 of Goździewski &
Migaszewski 2020). We also display the mutual inclination
with the orbital plane of planet b in the case the planets
were not assumed to be coplanar; we show the cases where
no constraint has been applied (in yellow, solid line for the
findings of Wang et al. (2018b) and dashed line for those of
Wertz et al. (2017)), and finally, if planet b was assumed to
be in resonance with planet c, and on a circular orbit (in red;
Table 7 of Zurlo et al. 2016). See Table 5 for a summary of
the numerical values.
On the other hand, one factor that could cause the
ALMA flux to be too low is that it is model dependent.
This is necessary because one cannot directly measure
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the total flux of such an extended disk from interfero-
metric observations. Nonetheless, it does mean that if
our model is missing a crucial component, then we can
underestimate the total flux. In particular, if there is
disk emission on a scale larger than the maximum an-
gular scale of the observations (12′′ for the 12m-array
and 20′′ for the ACA) then this would not be detected
in the ALMA observations but would be detected in the
SCUBA-2 observations.
Further analysis that is beyond the scope of this paper
is required to determine the relative contributions of disk
and background flux. Here we simply conclude that the
total disk flux density at 880 microns is between 8.1 and
15.6 mJy.
4.4. The bright source
We detect a bright source to the northwest of the star,
coincident with the disk. Whilst it is possible that this
is emission coming from a clump of material in the disk,
such bright sources are often seen at these long wave-
lengths and typically attributed to background galaxies
(e.g. Su et al. 2017; Bayo et al. 2019; Faramaz et al.
2019). If it were a background sub-millimeter galaxy,
then the easiest way to determine this conclusively is to
see how the position relative to the star changes over
time. Given that HR 8799’s proper motion is towards
the southeast, then if the source is a background galaxy,
the star is moving away from it and the galaxy will ap-
pear further and further out in the disk over time.
Whilst a faint source in the same position was noted as
a significant residual by Booth et al. (2016), the proper
motion of HR 8799 is also quite small. Between the Band
6 epoch (2015) and Band 7 epoch (2018), HR 8799 has
only moved about 0.′′3 in RA and −0.′′015 in Declination.
Since the the faint source was detected with a low S/N in
2015 its position was not well constrained. Our new ob-
servations constrained its relative position with respect
to the star with a precision of 50 mas. This means that
by 2021, this bright source would have moved by 0.36′′,
and thus similar band 7 observations could rule-out that
it is co-moving with HR 8799 with a 5σ significance.
Since our MCMC procedure returned the source’s best
fit flux in both Band 6 and Band 7, we were able to de-
rive its millimeter spectral slope – 3.98+0.96−0.80. This is
too steep to be consistent with the typical millimeter
spectral index expected from debris disks (see Table 4
of MacGregor et al. 2016), and is more consistent with
typical values expected for extragalactic dust emission
(for example Casey 2012, find a typical spectral emissiv-
ity index of 1.6±0.4 for their sample of galaxies, which
equates to a millimeter spectral index of 3.6±0.4) This
bright source is thus likely to be a background submil-
limeter galaxy.
Finally, and according to millimeter-counts in Band 6
and using the Schechter function (Carniani et al. 2015),
we would expect ∼ 2 background sources as bright or
brighter than this source within the 12m Array Half
Power Beam Width (HPBW) of diameter 25.′′3 in Band
6. Therefore, though it has not been reported before,
its presence is however not surprising.
4.5. The central emission
From our CLEAN band 7 image (Section 2), we found
an integrated flux density at the location of the star of
73 ± 13µJy. In our parametric models, we assumed
a central point source that was left as a free param-
eter. These resulted in flux densities of 61 ± 10µJy,
72 ± 10µJy and 71+10−11 µJy for models 1, 2 and 3 respec-
tively (Table 4). Despite the differences between these,
all three models can be seen to be consistent with the
observed central flux from the lower left plot of Figure 2.
This means that what we infer for the flux density at the
location of the star is dependent on the model assumed
for the disc (whether that is a parametric model or a
CLEAN model). However, the differences are within the
uncertainties and so for the following discussion we shall
make use of the flux density inferred from the CLEAN
image.
Fitting optical and near-IR photometry with a
PHOENIX stellar photosphere model, G. Kennedy (pri-
vate communication) finds an expected emission from
the stellar photosphere of 36.0 ± 3.6µJy at 880 microns
(see also Section 3 of Yelverton et al. 2019, for details
on the method used), which is about half of our ob-
served central flux. Subtracting the stellar photosphere
from our observed flux, we measure an excess emission
of 37 ± 13µJy flux at 880 microns.
One possibility is that this excess emission is due to
the warm dust previously identified based on mid-IR
spectroscopy (Chen et al. 2006). Indeed, the warm belt’s
emission is expected to be mingled with that of the stel-
lar photosphere, as its dimensions prevent it from being
resolved in our images; it is located interior to HR 8799
e, which orbits at 15 au = 0.′′36 from the star, inferior
to the size of the beam in our observations. The ex-
pected flux for this warm dust can be extrapolated from
the mid-IR detection to longer wavelengths. The slope
for this extrapolation is quite uncertain, however. If the
warm dust is fit with a 150 K blackbody (e.g. Fig. 3
in Su et al. 2009), the expected flux at 880 microns is
∼200µJy, however this extrapolation does not account
for the disk geometry, nor for how dust opacities de-
crease with wavelength for the expected grain size dis-
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tributions, and thus their emission will fall off faster than
a blackbody. An additional λ−1 drop-off (i.e. β = 1) re-
sults in an expected flux an order of magnitude smaller,
consistent with our observed value.
However, at these long wavelengths, the emission from
the star may not just come from its photosphere but can
also include significant contributions from the chromo-
sphere and corona. So far, only a few stars have been
studied in detail at these wavelengths and so it is not
yet clear exactly how the relative contributions depend
on the stellar properties. None the less, it is clear that
there is a strong dependence on spectral type (see e.g.
Liseau et al. 2015; White et al. 2019, 2020). Of the few
stars studied in detail at these wavelengths, γ Vir A
and γ Vir B are the closest in spectral type to HR 8799
(both are F0IV) so provide the best example for what we
might expect from HR 8799’s emission. They have been
studied by White et al. (2020) who find that they both
have a band 7 ALMA flux density equivalent to about
twice that predicted from photospheric models. If this
is also true for HR 8799, then the central emission can
be explained entirely by stellar emission and we do not
have any significant detection of dust close to the star.
5. CONCLUSION
With ALMA Band 7 (880 µm), we have imaged the
extended low-surface-brightness ring of debris orbiting
HR 8799 at ∼100–400 au, – still the largest and widest
debris disk observed to date – at an unprecedented com-
bination of resolution and sensitivity.
Unlike previous sub-mm and far-IR images of the HR
8799 system, we have successfully detected the stellar
emission in the center of the debris ring. This central
source includes flux from both the star itself, as well as
an excess that could be either due to the inner belt of
warm dust at ∼10 au, already known from the mid-IR
spectrum, or the star’s chromosphere.
A bright background galaxy is detected and resolved
at a separation of 2.6′′ from the star, within the broad
disk and close to its inner edge. Based on its spectral
slope, we conclude that the source is an extragalactic
background submillimeter galaxy.
We find that the disk radial profile is more complex
than a single power-law model, which was enough to
describe the previous Band 6 observations that had a
lower resolution and sensitivity. In particular, we find
that the inner edge is smoother than a step function, and
is best reproduced by a Gaussian peaking at ∼ 170 au
and with standard deviation ∼ 40 au.
As argued by Goździewski & Migaszewski (2020), a
low density at ∼ 100 au could be expected from mate-
rial trapped in 2:1 mean-motion resonance with planet
b. Nevertheless, a low mass planet orbiting outer to
planet b could also produce a shallow gap and a smooth
edge. The ideal way to test these hypotheses would be
to use a combination of N-body simulations and radia-
tive transfer as in Read et al. (2018) for comparison and
best fit with our Band 7 radial profile.
The peak profile is also in accordance with the pre-
dictions of Goździewski & Migaszewski (2020), i.e., the
presence of a population on high eccentricity orbits
should make the disk profile deviate from a simple sin-
gle power law and have it exhibit a peak instead. This
supports the results of Geiler et al. (2019), who first sug-
gested the cold debris disk of HR 8799 should include
such an excited population in order to explain multi-
wavelength data. This excited population, as shown
by Marino (2021), could explain the smooth disc outer
edge. The origin of such a population cannot however
be pinned down. It could be due to scattering by an
extra planet beyond planet b, or due to resonance trap-
ping with planet b, which does not require the presence
of an additional planet.
The question of whether there is an extra planet be-
yond planet b remains thus entirely open. There is the
need for physically motivated models to compare with
our observations, rather than just an ad hoc power-law
models, and we advocate the use of our Band 7 obser-
vations for studies similar to that of Read et al. (2018).
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APPENDIX
A. STELLAR PARAMETERS
Here we take advantage of the Gaia EDR3 astrometry – released around the time this study was completed – in
order to update HR 8799’s stellar parameters. We also use this new astrometry to investigate its group membership
and search for possible stellar companions, which could help constrain the age of the system. Our adopted stellar
parameters for HR 8799 are summarized in Table 6. We adopt several values from the detailed interferometric study
of HR 8799 of Baines et al. (2012) and update them using the improved Gaia EDR3 astrometry (Gaia Collaboration
et al. 2020).
A.1. Kinematics and Group Membership
In the original discovery paper for the first three HR 8799 planets, Marois et al. (2008) had noted the similarity in
velocity between HR 8799 and the ∼30 Myr-old Columba and Carina associations. Doyon et al. (2010) and Zuckerman
et al. (2011) separately proposed that HR 8799 was a kinematic member of the Columba association. Bell et al. (2015)
estimated an updated isochronal age for Columba of 42+6−4 Myr, which was adopted as the HR 8799 system age by
Wang et al. (2018b). Kinematic analysis by Hinz et al. (2010) calculated that HR 8799 did not appear to get much
closer than about ∼40 pc from the centroids for either Columba or Carina over the past several tens of Myr, placing
some doubt on their association with either group. Recently, Lee & Song (2019) have claimed that HR 8799 is actually
a high probability (87%) member of the β Pic Moving Group (BPMG). Looking at the membership lists for nearby
associations from Gagné et al. (2018), HR 8799 appears to be remarkably isolated with respect to previously listed
bona fide members of nearby young groups. The nearest young association star in Gagné et al. (2018) to HR 8799 is
15◦ away (Wolf 1225 in AB Dor Group), and the nearest member of the β Pic Group is 29◦.9 away (GJ 3076). The
nearest member of Columba – to which HR 8799 has been purported to be a member – is 32◦.7 away (HD 984). So
the current state of HR 8799’s credentials for membership to any nearby young stellar groups which might provide
useful age information is somewhat confusing.
We reexamine the kinematics of HR 8799 compared to the nearby young associations in light of the updated
astrometry from Gaia. We use the BANYAN Σ (Bayesian Analysis for Nearby Young AssociatioNs Σ) tool from
Gagné et al. (2018) for estimating Bayesian kinematic membership probabilities to 27 nearby young associations
within 150 pc based on positions and velocities. In Table 7 we list BANYAN Σ membership probabilities to some
nearby young stellar groups and the field, using astrometry from Gaia EDR3 (Gaia Collaboration et al. 2020), Gaia
DR2 (Gaia Collaboration et al. 2018) and the revised Hipparcos reduction (van Leeuwen 2007), and radial velocity
estimates from Ruffio et al. (2019), Wang et al. (2018b), and Gontcharov (2006). Gontcharov (2006) and Wang
et al. (2018b) provide two independent observed radial velocities for HR 8799 (vr = −12.6± 1.4 km s−1 and vr =
−10.9± 0.5 km s−1, respectively), and the most recent estimate provided by Ruffio et al. (2019) (vr = −10.5+0.5−0.6
km s−1) is a posterior accounting for these two previous estimates and accounting for the measured radial velocities of
planets b and c. Remarkably, when combining the exquisite astrometry provided by Gaia DR2 or EDR3 with the two
most recent published radial velocities (Wang et al. 2018b; Ruffio et al. 2019, as well as the top line of our Table 7),
there does not seem to be a strong indication of membership to HR 8799 in any of the nearby young groups.
We look closer at the relative velocities and positions of HR 8799 to the young associations compiled in Gagné
et al. (2018) to see if there are any further clues to HR 8799’s origin. Following Hinz et al. (2010), we also calculate
Galactic orbits for HR 8799 and some of associations in Gagné et al. (2018, using their velocities and centroids) using
an epicycle approximation, adopting Oort constants from Bovy et al. (2016), LSR velocity from Bland-Hawthorn &
Gerhard (2016), and distance of the Sun above the Galactic plane from Karim & Mamajek (2017). We calculate 3D
velocities and positions for HR 8799 using the Gaia Collaboration et al. (2020) astrometry and the radial velocity from
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Table 6. Adopted Stellar Parameters for HR 8799
Parameter Value Reference
Spec. Type F0VkA5mA5 λBoo Gray & Corbally (2014)
$ (mas) 24.4620± 0.0455 Gaia Collaboration et al. (2020)
D (pc) 40.851± 0.076 1
E(B-V ) 0.002 Lallement et al. (2019)
Teff (K) 7193± 87 Baines et al. (2012)
fbol (W m
−2) 1.043± 0.012 (×10−10) Baines et al. (2012)
θLD (µas) 342± 8 Baines et al. (2012)
R (R) 1.502± 0.035 2
mbol (mag) 5.957± 0.012 3
Mbol (mag) 2.901± 0.013 4
log(L/L) 0.7356± 0.0053 4
L (L) 5.441± 0.066 4
Mass (M) 1.516
+0.038
−0.024 Baines et al. (2012)
αICRS (deg) 346.8696488373135 Gaia Collaboration et al. (2020), 5
δICRS (deg) +21.1342529909730 Gaia Collaboration et al. (2020), 5
vR (km s
−1) −10.5+0.5−0.6 Ruffio et al. (2019)
vLSRKR (km s
−1) −2.96+0.5−0.6 Ruffio et al. (2019), 6
µα (mas yr
−1) 108.284± 0.056 Gaia Collaboration et al. (2020)
µδ (mas yr
−1) −50.040± 0.059 Gaia Collaboration et al. (2020)
U (km s−1) −12.81± 0.15 7
V (km s−1) −19.98± 0.29 7
W (km s−1) −8.99± 0.44 7
Age (Myr) 33+7−13 Baines et al. (2012)
X,Y, Z (pc) −1.6, 33.2, −23.8 8
Note— 1) calculated as D = 1/($ − −0.017 mas) using Gaia EDR3 parallax $
(Gaia Collaboration et al. 2020) with median quasar parallax −0.017 mas from
Lindegren et al. (2020). Note that the Gaia EDR3 was not available at the time
the modelling work of this paper was carried out, and that it hence made use of
the distance derived from Gaia DR2. With the difference between the distances
being 1.0%, it has negligible impact on the results of our modelling. 2) Calculated
using θLD from Baines et al. (2012) and corrected Gaia Collaboration et al. (2020)
distance (see D). 3) Using fbol from Baines et al. (2012) on IAU 2015 mbol scale. 4)
Combining mbol and corrected Gaia EDR3 parallax (see D), on IAU 2015 systems
with nominal solar values MBol, = 4.74 and L
N
 = 3.828×1026 W. 5) Gaia EDR3
ICRS position (Gaia Collaboration et al. 2020) adjusted to epoch J2000.0 by
Vizier. 6) vLSRKR is the star’s radial velocity in LSRK frame (Local Standard of
Rest - Kinematic), for which ALMA adopts solar apex of B1900 18h +30◦. 7)
Calculated using Gaia EDR3 astrometry (Gaia Collaboration et al. 2020) and vR
from Ruffio et al. (2019) following ESA (1997). 6) Barycentric Galactic Cartesian
coordinates (pc) calculated using Gaia EDR3 astrometry (Gaia Collaboration et al.
2020) following ESA (1997).
Ruffio et al. (2019) and list them in Table 6. HR 8799’s velocity with respect to Columba, Carina, and β Pic groups
are 3.7 km s−1, 4.5 km s−1, and 4.4 km s−1, respectively.
Was HR 8799 much closer to these groups in the past? In Figure 5 we plot the predicted separation between HR
8799 and several nearby young groups, as well as a mutual separations between some of the groups.
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Table 7. BANYAN Σ Membership Probabilities for HR 8799
Ref(Astrom) Ref(RV) P(Col)% P(BPMG)% P(Car)% P(Field)%
G3 R19 0.0 0.1 0.0 99.9
G3 W18 0.0 0.0 0.0 99.9
G3 G06 62.2 0.0 0.0 37.7
G2 R19 0.0 2.2 0.0 97.8
G2 W18 0.0 0.3 0.0 99.7
G2 G06 53.5 2.1 1.0 43.4
H2 R19 0.0 1.2 0.0 98.8
H2 W18 0.0 0.1 0.0 99.9
H2 G06 62.9 0.5 0.0 36.6
Note— Membership probabilities for Columba, β Pic Moving Group
(BPMG), Carina, and ”field” using BANYAN Σ tool (Gagné et al. 2018).
Probabilities for all other 26 groups within 150 pc in BANYAN Σ database
are <0.1%. References for astrometry and radial velocities (RV): G3 = Gaia
EDR3 (Gaia Collaboration et al. 2020), G2 = Gaia DR2 (Gaia Collabora-
tion et al. 2018), H2 = revised Hipparcos (van Leeuwen 2007), R19 = Ruffio
et al. (2019) (vr = -10.5
+0.5
−0.6 km s
−1), W18 = Wang et al. (2018b) (vr =
-10.9±0.5 km s−1), G06 = Gontcharov (2006) (vr = -12.6±1.4 km s−1).
Running the orbits of HR 8799 and the Columba centroid back in time, we find that the star was closest to Columba
41.7 Myr ago at separation ∆ = 21 pc to the Columba centroid, with δv = 3.9 km s−1. The situation is similar, but a
slightly worse match, with the similarly aged Carina association (45 +11−7 Myr; Bell et al. 2015)
7. HR 8799 is currently
85 pc from the Carina centroid (∆v = 4.5 km s−1) and its closest passage to Carina was 39.4 Myr ago at separation
∆ = 29 pc with similar relative velocity (∆v = 4.5 km s−1). The story is quite different for HR 8799 with respect
to the BPMG. HR 8799 is currently ∆ = 41 pc from the BPMG centroid at present (∆v = 4.4 km s−1), but was no
closer to the BPMG centroid in the past (see Fig. 7). If one runs the clock back 20 Myr, representative of recent age
estimates 8, one finds that HR 8799) was ∼113 pc from the BPMG centroid at relative velocity ∆v = 5.9 km s−1 (i.e.
not so different from its current situation, and certainly no closer to the core β Pic membership). Given that the past
trajectories of HR 8799 and BPMG are so clearly divergent, we find no support for the Lee & Song (2019) that HR
8799 could be a BPMG member.
Among the <150 pc young groups in the Gagné et al. (2018) BANYAN Σ database, HR 8799’s velocity is within
5 km s−1 of several others groups as well (with their abbreviations and current velocity differences): 118 Tau Group
(“118TAU”; 0.9 km s−1), 32 Ori Cluster (“THOR”; 1.2 km s−1), ε Cha Association (“EPSC”; 3.1 km s−1), χ1 For
Cluster (“XFOR”; 3.6 km s−1), TW Hya Association (“TWA”; 4.2 km s−1), and η Cha Cluster (“ETAC”; 4.5 km s−1).
It is worth checking whether there is any past kinematic convergence with these groups as well, despite their low
membership probabilities as assessed by BANYAN Σ. The 118 Tau, ε Cha, TW Hya, and η Cha groups are all
extremely young (spanning ∼few-10 Myr; Gagné et al. 2018). HR 8799 has never been any closer than 100 pc to either
the ε Cha (∼5 Myr) or η Cha (∼10 Myr) groups over the past 10 Myr, and was ∼100 pc away from the TW Hya group
(age ∼10 Myr) 10 Myr ago, so there is no evidence that the star was anywhere near these well-studied young groups on
the periphery of the Sco-Cen complex. Similarly, HR 8799 has not been within 100 pc of the 118 Tau Group over the
past 10 Myr. HR 8799’s velocity agrees with that of the 32 Ori group (”THOR”) within 1.2 km s−1, but remarkably
it never appears to have been any closer than ∼100 pc (12 Myr ago) to the group’s centroid since the group’s birth
∼24 Myr ago (Bell et al. 2017; Murphy et al. 2020) (Fig. 7). Although HR 8799 is currently ∼103 pc from the ∼40
Myr-old (Zuckerman et al. 2011) χ1 For cluster (”XFOR” or Alessi 13), with current velocity difference 3.6 km s−1,
7 Although recent analyses have suggested a younger age for Carina (Schneider et al. 2019; Booth et al. 2021a). If correct, this younger
age would rule out HR 8799 as a member.
8 Recent age estimates for BPMG bracket 18-24 Myr (Mamajek & Bell 2014; Bell et al. 2015; Binks & Jeffries 2016; Shkolnik et al. 2017;
Crundall et al. 2019; Miret-Roig et al. 2020).
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Figure 5. Past separation between HR 8799 and several nearby young ∼20-45 Myr-old groups (solid lines) calculated using an
epicyclic orbit approximation: the ∼40 Myr-old groups Columba (black), Carina (dark blue), χ1 Fornacis (cyan), and IC 2602
(purple), and the younger ∼20-25 Myr-old groups β Pic Moving Group (BPMG; red) and 32 Ori Group (magenta). Also plotted
are the relative separations between Columba and Carina (dark green dotted) and Columba and IC 2602 (light green dashed).
HR 8799 was within ∼30 pc of the centroids of the ∼40 Myr-old Carina and Columba associations ∼40 Myr ago, albeit with
relative velocity ∼4-5 km s−1, and all of them may have been formed in the same molecular cloud complex (over ∼50-100 pc)
that spawned the IC 2602 cluster.
it appears that the star was much closer to the cluster but with a larger velocity difference in the past. The closest
pass we can find of HR 8799 to the χ2 For cluster was ∆ = 19 pc, 27.8 Myr ago with velocity difference 6.0 km s−1.
We found also that while the nearby young cluster IC 2602 has a velocity differing from that of HR 8799 today by δv
= 9.6 km s−1 (current separation ∆ = 178 pc). HR 8799 was much closer to IC 2602 at the time of the cluster’s birth
(44± 4 Myr; Randich et al. 2018) - ∆ = 61 pc at δv ' 9.0 km s−1. We conclude that a genetic tie between HR 8799
and most of these other nearby young stars can generally be ruled out, but we save χ1 For and IC 2602 clusters for
further discussion.
We are left with a short list of nearby young groups (Columba, Carina, and perhaps χ1 For and IC 2602) which
have very similar ages (42+6−4 Myr, 45
+11
−7 Myr, ∼40 Myr, 44± 4 Myr; Bell et al. 2015; Zuckerman et al. 2011; Randich
et al. 2018) and velocities, and which appear to have been within tens of pc of HR 8799 between 28 and 44 Myr
ago, but with relative velocities at the 4-9 km s−1 level (see Fig. 5). It is possible that HR 8799 and these young
groups - Columba, Carina - and perhaps χ1 For and IC 2602 - all formed approximately contemporaneously in separate
star-formation episodes within the same large-scale molecular cloud complex (∼tens pc)? Turbulence induces velocity
dispersion in giant molecular cloud complexes at the ∼few km s−1 level over length scales ` – scaling roughly as σv '
1 km s−1(`/pc)0.4 (Larson 1981).
Recent astrometric surveys of stellar associations with Gaia have confirmed that such velocity patterns are imprinted
on subgroups within OB associations like Sco-Cen (e.g. Wright 2020) and T associations like Taurus-Auriga (e.g. Galli
et al. 2019). The example of Taurus-Auriga provided by Galli et al. (2019) is particularly striking, as they reveal
approximately a dozen subgroups, each consisting of ∼4-24 stars each (Joncour et al. 2018), containing very few
massive stars, in ∼pc-scale regions with intrinsic velocity dispersion of order ∼1 km s−1. The subgroups have typical
separations of ∼25 pc, with typical velocity offsets of ∼1-5 km s−1. The stars that formed in small subgroups with
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relative motions at the <few km s−1 level might be classified by future observers as members of the same stellar
associations, but the ones that formed in groups with relative motions at the ∼few-10 km s−1 level might be classified
as members of a separate groups (e.g. as we have with Columba, Carina, χ1 For, and IC 2602). The differences in 3D
velocities between these young groups is similar in scale to the differences between the subgroups of the ∼102 pc-scale
Sco-Cen complex (∼3-5 km s−1) although the velocity dispersions within the individual subgroups is at the ∼1-2 km s−1
level (de Bruijne 1999; Wright 2020). We posit that HR 8799 formed either alone, or in a since-dispersed small cohort,
within tens of pc of other stars forming in the same giant molecular cloud complex ∼40 Myr ago that spawned the
Columba and Carina groups (and possibly including the χ1 For and IC 2602 clusters) but inheriting a velocity offset
of ∼5 km s−1 which has left it now somewhat isolated and ∼60-100 pc away from the stars that formed elsewhere in
the same cloud complex around the same time.
A.2. Search for New Stellar Companions Using Gaia
We also conducted a new search for co-moving companions to HR 8799 using astrometry from the Gaia EDR3 (Gaia
Collaboration et al. 2020), just in case any low-mass wide companions with useful age diagnostics could be found
which could provide useful age constraints. Stellar companions may be loosely bound to a star with separations up to
approximately the tidal (Jacobi) radius, which is defined by the mass of the star and local Oort parameters. Jiang &







where G is the Newtonian constant, M1 and M2 are stellar masses for the pair, Ω is the Galactic angular circular speed,
and A is the Oort A parameter. Adopting modern estimates for Ω and A from Li et al. (2019) that take advantage of
the Gaia DR2 astrometry, we reparameterize the tidal radius equation as:






For prospective companion stars ranging in mass from negligible to 1 M, and adopting a mass of HR 8799 of
1.52 M we estimate the relevant tidal radius to be 1.56 pc (for companion of negligible mass) to 1.85 pc (for 1 M
companion). We start with a search for objects of common proper motion and parallax within approximately 1 tidal
radius, for which we adopt an upper bound of 1.85 pc or 1◦.32 at the Gaia EDR3 distance for HR 8799 (40.85 pc). Over
such a small region of the sky we ignore (for now) the convergent nature of the proper motions predicted for prospective
objects that would share the 3D space velocity of HR 8799 and conduct a simple search for objects that would have
tangential motions in α and δ within ±2 km s−1 (±10.3 mas yr−1 at d = 40.85 pc) of HR 8799 and parallaxes that
would place the object within the tidal radius (for ±1.85 pc we adopt generous parallax search limits of $ = 24.4620
± 1.16 mas). Using these criteria, there are zero Gaia EDR3 entries sharing proper motion and parallax with HR
8799. We doubled the limits for selecting by search radius, proper motion, and distance limits, to see if any further
interesting candidates could be found. This yielded two candidates: StKM 1-2077 (Gaia EDR3 2835796794780262912)
and 2MASS J23030459+2100553 (Gaia EDR3 2832642880035528192). StKM 1-2077 appears to be a K7 (Gaidos et al.
2014) dwarf (MG = 7.29) with faint companion (∆G = 3.58; Gaia EDR3 2835796794780715392), likely a mid-M dwarf
(MG = 10.87) resolved in Gaia DR2 and EDR3. The calculated 3D velocity of the primary based on Gaia EDR3
astrometry (U, V,W = -14.0, -24.7, -8.7 km s−1) differ from HR 8799 by 4.9 km s−1, and the star’s rotation period
(Prot = 11.8554 day; Oelkers et al. 2018)
9 and modest activity (log(LX/Lbol) = -4.02), suggest an age intermediate
between the ∼120 Myr-old Pleiades and ∼670 Myr-old Praesepe clusters. Regardless, the sizeable velocity offset (4.9
km s−1) and separation (3.17 pc from HR 8799) argue against a physical connection. 2MASS J23030459+2100553
appears to be a late M dwarf 1◦ from HR 8799 whose tangential velocity is within 2.9± 0.1 km s−1 of HR 8799,
and whose Gaia EDR3 position and parallax places it within 2.6 pc separation. Using its 2MASS and Gaia EDR3
photometry (G = 18.26, Ks = 12.81) and Gaia EDR3 parallax ($ = 26.0828 ± 0.1971 mas), we estimate absolute
magnitudes of MG = 15.34 and MKs = 9.90, which are very similar to the main sequence primary M8V standard
VB 10 (calculated as MG = 15.46 and MKs = 9.90; using data from Cutri et al. 2003; Gaia Collaboration et al. 2018).
9 Compare to Pleiades and Praesepe clusters in Fig. 12 of Curtis et al. (2020) for color (GBP - GRP ) = 1.617.
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Using the absolute Ks magnitude-mass calibration of Mann et al. (2019), this translates to a mass of only 0.086 M,
and the theoretical isochrones of Baraffe et al. (2015) predict that such low-mass stars should take ∼2 Gyr to contract
to the main sequence . This exceeds any previously quoted isochronal age estimates for HR 8799, as well as the main
sequence lifetime for stars of its mass. Its relative velocity with respect to HR 8799 (2.9 km s−1) is about 40× higher
than the estimated escape velocity (0.073 km s−1), arguing against boundedness. Based on this dynamical argument,
and considering that its older evolutionary state (>2 Gyr) conflicts with the MS nature of HR 8799, we exclude the
late-M dwarf 2MASS J23030459+2100553 as a potential companion to HR 8799. Our search for wide companions
of HR 8799 with Gaia EDR3 should have detected any objects with G < 20.0, or brighter than absolute magnitude
MG ' 16.9 at the distance of HR 8799 - comparable to that of the L1 standard 2MASS J14392836+1929149 (MG =
16.79, MKs = 10.79; mass = 0.076M using calibration of Mann et al. 2019), and near the hydrogen-burning limit
(Dieterich et al. 2014). We conclude that an exhaustive search of the Gaia EDR3 astrometric catalog finds no evidence
for any co-distant, common proper motion companions down to about the hydrogen-burning limit to HR 8799 within
at least two tidal radii. Besides its planetary system, HR 8799 appears to remain a stellar single.
B. THE GAS CONTENT
CO emission consistent with the stellar location has been detected in previous JCMT (Williams & Andrews 2006;
Su et al. 2009), SMA (Hughes et al. 2011; Wilner et al. 2018) and ALMA (Booth et al. 2016) observations. This CO
extends well beyond the star and originates from the background cloud HLCG 92-35 (which is directly behind HR8799,
Yamamoto et al. 2003). Nonetheless, the high sensitivity of our observations relative to the previous observations may
allow us to detect CO from the disk itself. In addition, the similarity between the radial velocity of the star and that
of the CO led Su et al. (2009) to suggest that there may be some connection between HR 8799 and the background
cloud.
Using the ACA data, we map the CO J=3-2 line emission, using the TCLEAN algorithm to create a full-spectral-
resolution cube centered spatially on HR8799 and covering −40 to +15 km s−1 velocities in the barycentric frame.
We used a natural weighting scheme and a pixel size of 0.′′4. The sensitivity of the resulting images is 3.8 mJy/beam
for a 488.281 kHz (0.423 km s−1) channel (native), and with a beam of size 4.′′74 × 3.′′76. We display these images in
Figure 6, where we compare them to the debris disk continuum emission. Channel maps with continuum overlaid show
significant emission (perhaps an enhancement) along the line of sight to the continuum disk, as well as significantly
extended emission (well beyond the continuum disk) out to the edges of the primary beam. These channel maps are
not primary beam corrected, so the enhancement at the disk location is not as pronounced as it appears in these
maps. We can also see from these that the bright source does not appear in the CO maps. This is unsurprising as
its point-like nature in the continuum emission means that it is most likely to be a background galaxy (as discussed
in section 4.4) and so its CO emission will be red-shifted beyond the spectral range of our observations, whereas the
diffuse CO comes from molecular clouds within our own galaxy.
In the lower row of Figure 6, we compare the channel maps with the emission expected from a toy model of a disk in
Keplerian rotation (assumed inclination = 33◦, stellar mass = 1.56M, and mid-radius of 292 au with Gaussian FWHM
of 253 au). For the toy model, we assumed a stellar velocity of −12.5 km s−1, close to the centroid of the observed
emission. By spatially integrating within a 10′′ radius circular region (encompassing the full continuum disk), we
extract the line profile shown in Figure 7. The line profile of the emission shows only a single peak, clearly inconsistent
with the distinct double peak seen in the toy model. In addition, although the radial velocity of the star has previously
been reported as −12.6 ± 1.4 km s−1(Gontcharov 2006), matching that of the CO, Ruffio et al. (2019) has recently
revised this, finding it to be −10.5+0.5−0.6 km s−1, clearly significantly different from the radial velocity of the gas.
We conclude that the morphology of the 12CO emission, line width, velocity shift with respect to the stellar velocity
and brightness of the emission all confirm that the 12CO emission originates from the background cloud HLCG 92-35.
Furthermore, the Gaia survey has made it possible to refine the measurement of distances to molecular clouds by
estimating interstellar extinction. Both Yan et al. (2019) and Zucker et al. (2019) have estimated the distance to the
cloud MBM 54, which is in the same cloud complex and just a few degrees South of cloud HLCG 92-35, finding it to
be 257+8−7 pc and 245± 13 pc respectively, placing it far beyond HR 8799 and conclusively showing that the star is not
associated with the background cloud.





















































Figure 6. Top: Channel maps with continuum overlaid show significant emission (perhaps an enhancement) along the line of
sight to the continuum disk, as well as significantly extended emission (well beyond the continuum disk) out to the edges of the
primary beam. These channel maps are not primary beam corrected, so note the enhancement at the disk location is not as
pronounced as it appears in these maps. Bottom: Channel maps with a toy model of Keplerian rotation (full resolution, not
smoothed) overlaid show that the velocity pattern is clearly not consistent with Keplerian rotation expected from a disk with a
CO radial surface density distribution similar to that of the HR 8799 disk. For the toy model, we assume a stellar velocity of
−12.5 km s−1, close to the centroid of the observed emission, but significantly (3.3σ) different from the stellar RV determined
by Ruffio et al. (2019).














Figure 7. Blue: Observed CO emission line with a radial velocity centred on ∼ −12.5 km s−1 in the barycentric frame. Orange:
for comparison, the line profile expected from a toy model of a disk in Keplerian rotation and centred on the same radial velocity
than the observed line. Note however that the radial velocity of the star is −10.5+0.5−0.6 km s−1(Ruffio et al. 2019).




























































Figure 8. Best-fit parameters for Model 1 (single power law with step-function edges) showing the marginalized probability
distributions for the three model parameters (top histograms) and the correlations between pairs of parameters (central panels),
with 68, 95 and 99.7% confidence levels represented as contours.
C. CORNERPLOTS
Figures 8, 9, and 10 show the correlations between the disk surface density parameters for the single power-law, triple
power-law, and Gaussian-edged models, respectively. The full posterior distributions (22x22 or 24x24 cornerplots) are
available upon request to the corresponding author.
D. RESIDUAL MAPS
Figures 11 and 12 show the residual maps once our best fit models have been subtracted from the Band 7 and Band
6 observations, respectively.
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Bayo, A., Olofsson, J., Matrà, L., et al. 2019, MNRAS, 486,
5552, doi: 10.1093/mnras/stz1133
Bell, C. P. M., Mamajek, E. E., & Naylor, T. 2015,
MNRAS, 454, 593, doi: 10.1093/mnras/stv1981
Bell, C. P. M., Murphy, S. J., & Mamajek, E. E. 2017,
MNRAS, 468, 1198, doi: 10.1093/mnras/stx535
Binks, A. S., & Jeffries, R. D. 2016, MNRAS, 455, 3345,
doi: 10.1093/mnras/stv2431
Bland-Hawthorn, J., & Gerhard, O. 2016, ARA&A, 54,
529, doi: 10.1146/annurev-astro-081915-023441








































































Figure 9. Best-fit parameters for Model 2 (three power laws) showing the marginalized probability distributions for the five
model parameters (top histograms) and the correlations between pairs of parameters (central panels), with 68, 95 and 99.7%
confidence levels represented as contours.
Bohn, A. J., Kenworthy, M. A., Ginski, C., et al. 2020,
ApJL, 898, L16, doi: 10.3847/2041-8213/aba27e
Booth, M., del Burgo, C., & Hambaryan, V. V. 2021a,
MNRAS, 500, 5552, doi: 10.1093/mnras/staa3631
Booth, M., Schulz, M., Krivov, A. V., et al. 2021b,
MNRAS, 500, 1604, doi: 10.1093/mnras/staa3362
Booth, M., Jordán, A., Casassus, S., et al. 2016, MNRAS,
460, L10, doi: 10.1093/mnrasl/slw040
Booth, M., Dent, W. R. F., Jordán, A., et al. 2017,
MNRAS, 469, 3200, doi: 10.1093/mnras/stx1072
Bovy, J., Rix, H.-W., Schlafly, E. F., et al. 2016, ApJ, 823,
30, doi: 10.3847/0004-637X/823/1/30




















































































Figure 10. Best-fit parameters for Model 3 (one power law with Gaussian edges) showing the marginalized probability
distributions for the five model parameters (top histograms) and the correlations between pairs of parameters (central panels),
with 68, 95 and 99.7% confidence levels represented as contours.
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Figure 11. ALMA 880 microns continuum residual maps, combining the 12m and ACA data. These were obtained by
subtracting (in visibility space), our best fit models to our observations, and with residuals stemming from Model 1, Model
2, and Model 3, being shown from left to right, respectively. North is up and East is left, with contours showing the ±2, 3,
4,... σ significance levels. The synthesized beam is shown on the lower left side of images and the color bar shows the fluxes in
µJy beam−1. This image was obtained using a natural weighting scheme, resulting in a sensitivity of σ = 9.8µJy.beam−1 and a
synthesized beam of dimensions 1.′′13 × 0.′′97, with position angle 22◦. In all three cases, a 4σ residual is apparent North of the
star. Note that this residual is not the bright source discussed earlier throughout the paper, and is instead located North East
of it, at the disk visible outer edge.
Figure 12. ALMA 1.3 millimeter continuum residual maps. These were obtained by subtracting (in visibility space), our best
fit models the ALMA Cycle 1 Band 6 observations, and with residuals stemming from Model 1, Model 2, and Model 3, being
shown from left to right, respectively. North is up and East is left, with contours showing the ±2, 3, 4,... σ significance levels.
The synthesized beam is shown on the lower left side of images and the color bar shows the fluxes in µJy beam−1. This image
was obtained using a natural weighting scheme, resulting in a sensitivity of σ = 15.9µJy.beam−1 and a synthesized beam of
dimensions 1.′′72 × 1.′′34, with position angle 86◦.
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